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The recent diphoton excess signal at an invariant mass of 750 GeV can be interpreted in the framework 
of left–right symmetric models with additional scalar singlets and vector-like fermions. We propose a 
minimal scenario for such a purpose. Extending the LRSM framework to include these new vector-like 
fermionic ﬁelds, on the other hand, results in interesting phenomenological implications for the LRSM 
fermion masses and mixing. Furthermore, existence of such vector-like fermions can also have interesting 
implications for baryogenesis and the dark matter sector. The introduction of a real bi-triplet scalar which 
contains a potential DM candidate will allow the gauge couplings to unify at ≈ 1017.7 GeV.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The CMS and ATLAS Collaborations have recently reported a 
roughly 3σ excess in the diphoton channel at an invariant mass 
of about 750 GeV in the ﬁrst 3 fb−1 of collected data from Run 2 
of the LHC at 13 TeV [1,2]. The Landau–Yang theorem forbids the 
possibility of a massive spin one resonance decaying to γ γ . The 
leading interpretations of the excess within the context of new 
physics scenarios therefore consist of postulating a fundamental 
spin zero or spin two particle with mass of about 750 GeV. How-
ever no enhancements have been seen in the dijet, tt¯ , diboson or 
dilepton channels posing a clear challenge to the possible inter-
pretations of this excess. The absence of a peaked γ γ angular 
distribution in the observed events towards the beam direction 
disfavours [3] the spin two hypothesis and the spin zero resonance 
interpretation seems more favourable from a theoretical point of 
view.
A large number of interpretations of the diphoton signal in 
terms of physics beyond the Standard Model have been proposed 
in the literature [4–136]. One of the possibilities that has been 
largely explored in the literature is a scalar or pseudo-scalar res-
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SCOAP3.onance produced through gluon–gluon fusion and decaying to γ γ
via loop diagrams with circulating fermions or bosons. A new res-
onance coupling with the Standard Model (SM) t quark or W±
can give rise to such loop diagrams, however, they will be highly 
suppressed at the large γ γ invariant masses and the dominant 
decay channel would have to be tt¯ or W+W− . Hence the obser-
vation of the γ γ resonance at 750 GeV (much greater than the 
electroweak symmetry breaking scale) hints towards the existence 
of vector-like fermions around that mass scale. Given that both the 
ATLAS and CMS Collaborations have suggested signal events con-
sistent with each other at a tempting 3σ statistical signiﬁcance 
level, hinting towards a new physics scenario, it is important to 
explore the possible model framework that can naturally accom-
modate such vector-like fermions.
From a theoretical stand point, a framework that can explain 
the diphoton excess while being consistent with other searches for 
new physics is particularly intriguing. To this end, one must men-
tion the results reported by the CMS Collaboration in the ﬁrst run 
of LHC for the right-handed gauge boson WR search at 
√
s = 8 TeV
and 19.7 fb−1 of integrated luminosity [137]. A 2.8σ local excess 
was reported in the eej j channel in the energy range 1.8 TeV <
meejj < 2.2 TeV, hinting at a right handed gauge counterpart of the 
SM SU(2)L broken around the TeV scale. The Left–Right Symmet-
ric Model (LRSM) framework with gR = gL can explain such signal 
with the possibility of being embedded into a ultraviolet complete 
higher gauge group [138–141]. It is thus an interesting exercise to  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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also in such a framework.
In this paper, we explore the possibility of extending the stan-
dard LRSM framework with vector-like fermions and singlet scalars 
which can explain the diphoton signal. Adding such new vector-
like fermionic ﬁelds, on the other hand, results in interesting phe-
nomenological implications for the LRSM fermion masses and mix-
ing. Moreover, existence of such vector-like fermions can have in-
teresting implications for baryogenesis and the potential dark mat-
ter sector. In gauged ﬂavour groups with left–right symmetry [142]
or quark-lepton symmetric models [143], vector-like fermions are 
naturally accommodated while in LRSMs originating from D-brane 
or heterotic string compactiﬁcations also often include vector-like 
fermions [144,145]. We propose a minimal LRSM that hosts such 
vector-like fermions and which can explain the diphoton signal. 
We also explore the possible fermion masses and mixing phe-
nomenology and the implications of these vector-like particles in 
baryogenesis and the dark matter sector.
The plan of rest of this paper is as follows. In section 2, we 
discuss the LRSM accommodating new vector-like fermions and 
the implications on masses and mixing of the fermions. In sec-
tion 3, we discuss the general aspects of the diphoton signal in the 
context of a scalar resonance decaying to γ γ through circulating 
vector-like fermions in the loop. In section 4, we explore the pos-
sibility of obtaining a gauge coupling uniﬁcation including the new 
vector like ﬁelds. In section 5, we discuss the implications of the 
vector-like fermions for baryogenesis and the dark matter sector. 
In section 6, we summarize and make concluding remarks.
2. Left–right symmetric model framework
The left–right symmetric extension of the SM has the basic 
gauge group given by
GL,R ≡ SU(3)C × SU(2)L × SU(2)R × U (1)B−L, (1)
where B − L is the difference between baryon and lepton number. 
The electric charge is related to the third component of isospin in 
the SU(2)L,R gauge groups and the B − L charge as
Q = T3L + T3R + 1/2(B − L). (2)
The quarks and leptons transform under the LRSM gauge group as
qL =
(
uL
dL
)
≡ [2,1, 1
3
,3], qR =
(
uR
dR
)
≡ [1,2, 1
3
,3],
L =
(
νL
eL
)
≡ [2,1,−1,1], R =
(
νR
eR
)
≡ [1,2,−1,1],
where the gauge group representations are written in the form 
[SU(2)L, SU(2)R , B − L, SU(3)C ].
Originally the left–right symmetric extension of the SM
[146–151], was introduced to give a natural explanation for parity 
violation seen in radioactive beta decay and to consistently ad-
dress the light neutrino masses via seesaw mechanism [152–156]. 
The latter form doublets with the right handed charged fermions 
under the SU(2)R gauge group. If SU(2)R breaks at around the TeV 
scale, LRSMs offer a rich interplay between high energy collider 
signals and low energy processes such as neutrinoless double beta 
decay and lepton ﬂavour violation [157]. The principal prediction 
of this scenario is a TeV scale right-handed gauge boson WR . The 
CMS and ATLAS Collaborations had reported several excesses at 
around 2 TeV in Run 1 of the LHC, pointing towards such a possi-
bility. From the ﬁrst results of Run 2, no dijet and diboson excesses 
have been reported (more data is required to exclude the diboson 
excesses reported in run 1), the relatively “cleaner” eej j channel Table 1
LRSM representations of extended ﬁeld content.
Field SU(2)L SU(2)R B − L SU(3)C
qL 2 1 1/3 3
qR 1 2 1/3 3
L 2 1 −1 1
R 1 2 −1 1
UL,R 1 1 4/3 3
DL,R 1 1 −2/3 3
EL,R 1 1 −2 1
NL,R 1 1 0 1
HL 2 1 1 1
HR 1 2 1 1
S 1 1 0 1
signal is still present hinting at a 2 TeV WR . In light of the dipho-
ton excess it is important to revisit the LRSM framework to explore 
the possibility of accommodating such signal and the possible im-
plications.
As already mentioned in the introduction and discussed in sec-
tion 3, the 750 GeV diphoton excess can be explained through the 
resonant production and decay of a scalar or pseudoscalar particle. 
To this end, we propose a simple left–right symmetric model with 
a scalar singlet S and vector-like fermions added to the minimal 
particle content of left–right symmetric models.1
We extend the standard LRSM framework to include isosin-
glet vector-like copies of LRSM fermions. This kind of a vector-like 
fermion spectrum is very naturally embedded in gauged ﬂavour 
groups with left–right symmetry [142] or quark-lepton symmet-
ric models [143]. The ﬁeld content of this model and the relevant 
transformations under the LRSM gauge group are shown in Table 1.
The relevant Yukawa part of the Lagrangian is given by
L= −
∑
X
(λSXX S X X + MX X X)
− (λLU H˜LqLUR + λRU H˜RqRUL
+ λLD HLqLDR + λRD HRqR DL
+ λLE HLL ER + λRE HRR EL
+ λLN H˜LLNR + λRN H˜RRNL + h.c.), (3)
where the summation is over X = U , D, E, N and we suppress 
ﬂavour and colour indices on the ﬁelds and couplings. H˜ L,R de-
notes τ2H∗L,R , where τ2 is the usual second Pauli matrix.
The vacuum expectation values (VEVs) of the Higgs doublets 
HR(1, 2, −1) and HL(2, 1, −1) break the LRSM gauge group to the 
SM gauge group and the SM gauge group to U (1)EM respectively, 
with an ambiguity of parity breaking, which can either be bro-
ken at the TeV scale or at a much higher scale MP . In the latter 
case, the Yukawa couplings can be different for right-type and 
left-type Yukawa terms because of the renormalization group run-
ning below MP , λRX = λLX . Hence, we distinguish the left and right 
handed couplings explicitly with the subscripts L and R . We use 
the VEV normalizations 〈HL〉 = (0, vL)T and 〈HR〉 = (0, vR)T with 
vL = 175 GeV and vR constrained by searches for the heavy right-
handed WR boson at colliders and at low energies, vR  1 − 3 TeV
(depending on the right-handed gauge coupling). Due to the ab-
sence of a bidoublet Higgs scalar, normal Dirac mass terms for the 
SM fermions are absent and the charged fermion mass matrices 
assume a seesaw structure. However, if one does not want to de-
1 We assume the resonance to be a new singlet scalar and it can easily be gener-
alized to a pseudoscalar case.
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be introduced along with HL,R .
After symmetry breaking, the mass matrices for the fermions 
are given by
MuU =
(
0 λLU vL
λRU vR MU
)
, MdD =
(
0 λLD vL
λRD vR MD
)
,
MeE =
(
0 λLE vL
λRE vR ME
)
, MνN =
(
0 λLN vL
λRN vR MN
)
. (4)
The mass eigenstates can be found by rotating the mass matrices 
via left and right orthogonal transformations O L,R (we assume all 
parameters to be real). For example, the up quark diagonalization 
yields OLTU ·MuU · O RU = diag(mˆu, MˆU ). Up to leading order in λLU vL , 
the resulting up-quark masses are
MˆU ≈
√
M2U + (λRU vR)2, mˆu ≈
(λLU vL)(λ
R
U vR)
MˆU
, (5)
and the mixing angles θ L,RU parametrizing O
L,R
U ,
tan(2θ LU ) ≈
2(λLU vL)MU
M2U + (λRU vR)2
, tan(2θ RU ) ≈
2(λRU vR)MU
M2U − (λRU vR)2
. (6)
The other fermion masses and mixings are given analogously. For 
an order of magnitude estimate one may approximate the phe-
nomenologically interesting regime with the limit λRU vR → MU in 
which case the mixing angles approach θ LU → mˆu/MˆU and θ RU →
π/4. This means that θ LU is negligible for all fermions but the top 
quark and its vector partner [90].
We here neglect the ﬂavour structure of the Yukawa couplings 
λ
L,R
X and λSXX which will determine the observed quark and lep-
tonic mixing. The hierarchy of SM fermion masses can be gen-
erated by either a hierarchy in the Yukawa couplings or in the 
masses of the vector like fermions.
As described above, the light neutrino masses are of Dirac-type 
as well, analogously given by
mˆν = λ
L
Nλ
R
N vL vR
MN
. (7)
It is natural to assume that MN 
 vR , as the vector like N is a 
singlet under the model gauge group. In this case, the scenario 
predicts naturally light Dirac neutrinos [142].
3. Diphoton signal from a scalar resonance
One may attempt to interpret the diphoton excess at as the res-
onant production of the singlet scalar S with mass MS = 750 GeV. 
Considering the possible production mechanisms for the resonance 
at 750 GeV it is interesting to note that the CMS and ATLAS did not 
report a signal in the ∼ 20 fb−1 data at 8 TeV in Run 1. One pos-
sible interpretation of this can be that the resonance at 750 GeV 
is produced through a mechanism with a steeper energy depen-
dence. Excluding the possibility of an associated production of this 
resonance, the most favourable mechanism is gluon–gluon fusion 
which we here also consider as the dominant production mecha-
nism. Subsequently, the scalar with mass 750 GeV decays to two 
photons via a loop as well. The cross section can be expressed as
σ(pp → γ γ ) = Cgg
MSs
gg Brγ γ , (8)
with the proton centre of mass energy 
√
s and the parton dis-
tribution integral Cgg = 174 at √s = 8 TeV and Cgg = 2137 at √
s = 13 TeV [14]. One can obtain a best ﬁt guess of the cross 
section by reconstructing the likelihood, assumed to be Gaussian, from the 95% C.L. expected and observed limits in an experimen-
tal search. For the diphoton excess, we use a best ﬁt cross sec-
tion value of 7 fb found by combining the 95% C.L. ranges from 
ATLAS and CMS at 13 TeV and 8 TeV for a resonance mass of 
750 GeV [14].
Apart from the necessary decay modes of the scalar S i.e., 
S → gg and S → γ γ , S may also decay to other particles; due to 
the necessary SM invariance and the fact that MS >mZ , S → γ γ
necessitates the decays S → γ Z and Z Z which are suppressed by 
2 tan2 θW ≈ 0.6 and tan4 θW ≈ 0.1 relative to (S → γ γ ) [14]. Fur-
thermore, S in our model may also decay to SM fermions due to 
mixing with the heavy vector-like fermions. As described above, 
the mixing is only sizeable for the top and its vector partner. The 
total width is thereby given by S ≈ gg + 1.7 × γγ + tt¯ .
We would like to stress that while the diphoton resonance un-
doubtedly is the motivation behind this work, the purpose of this 
paper is to construct a consistent LRSM framework that can natu-
rally accommodate vector-like fermions taking the diphoton signal 
as a hint and explore the consequent phenomenology. One can ﬁnd 
similar interpretations of the diphoton excess in [90,118,119] in 
models with a singlet scalar accompanied by vector-like fermions.
Production of a scalar resonance in gluon fusion via a loop of 
vector-like quarks and subsequent decay of scalar resonance to γ γ
via a loop of vector-like quarks and leptons. There are contribu-
tions to (S → γ γ ) from quark-like vector fermion ψQ = U , D
and lepton-like vector fermion ψL = E propagating inside the loop. 
Apart from quark-like vector fermion contributing to the produc-
tion of scalar through gluon fusion, there could be another top-
quark mediated diagram via mixing with SM Higgs boson.
In the LRSM framework discussed in section 2, the vector-like 
degrees of freedom contribute to the loop leading to S → gg and 
S → γ γ . The partial decay widths are given by [17]
γγ = α
2 M3S
256π3
∣∣∣∣∣
∑
X
NCX Q
2
Xλ
′
SXX
MX
A
(
m2S
4M2X
)∣∣∣∣∣
2
,
gg = K α
2
s M
3
S
128π3
∣∣∣∣∣
C∑
X
λ′SXX
MX
A
(
m2S
4M2X
)∣∣∣∣∣
2
. (9)
Here, the sums in γγ and gg are over all and coloured fermion 
species and ﬂavours, respectively. NCX is the number of colour
degrees of freedom of a species, i.e. 1 for leptonic vector-like 
fermions and 3 for quark-like fermions. Similarly, Q X is the elec-
tric charge of the species. The effective coupling of S to a fermion 
species is λ′SXX = λSXX(O RX )1X (O LX )1X , i.e. the coupling λSXX dressed 
with the corresponding left and right mixing matrix element. The 
value of the parameters α ≈ 1/127, αs ≈ 0.1 and K ≈ 1.7 [17] in 
which A(x) is a loop function deﬁned by
A(x) = 2
x2
[x+ (x− 1) f (x)], (10)
with
f (x) =
⎧⎨
⎩
arcsin2
√
x x ≤ 1
− 14
[
ln
(
1+√1−x
1−√1−x
)
− iπ
]2
x > 1.
(11)
In addition, the decay of S to a pair of fermions (here only 
relevant for the top) is given by
 f f¯ =
NCf λ
′ 2
X f f MS
16π
(
1− 4M
2
f
M2S
)2/3
. (12)
In order to arrive at an estimate for the diphoton production 
cross section, we assume that the vector fermion masses and cou-
plings to S are degenerate (MX , λSXX), except for the top partner 
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we arrive at the approximation for the partial widths,
gg
MS
≈ 1.3× 10−4
(
λSXX · TeV
MX
)2
,
γ γ
MS
≈ 3.4× 10−7
(
λSXXTeV
MX
)2
,
tt¯
MS
≈ 1.3× 10−3
(
λTXXTeV
MT
)2
. (13)
As discussed in [14] in a model-independent fashion, the diphoton 
excess can be explained for 10−6  gg/MS  2 × 10−3 (the upper 
limit is due to the limit from dijet searches) and γγ /MS ≈ 10−6, 
as long as gg and γ γ are the only decay modes of S . In order to 
achieve this, the top partner T needs to have a signiﬁcantly weaker 
coupling or heavier mass than the rest of the vector fermions. As-
suming the decay width to tt¯ contributes negligibly to the total 
width, the diphoton cross section, Eq. (8) is
σ(pp → γ γ ) ≈ 1.7 fb ·
(
λSXX · TeV
MX
)2
. (14)
The experimentally suggested cross section σ(pp → γ γ ) ≈ 7 fb
can be achieved with MX/λSXX ≈ 0.5 TeV (and gg/MS ≈ 5 × 10−4
satisfying the dijet limit). In such a scenario, the total width of S
is of the order S ≈ 0.5 GeV, i.e. much smaller than the 45 GeV 
suggested by ATLAS if interpreted as a single particle resonance. 
γγ /gg can also be independently boosted by introducing a hier-
archy with leptonic partners lighter than the quark partners. While 
certainly marginal and requiring a speciﬁc structure among the 
vector fermions, this demonstrates that the diphoton excess, apart 
from the broad width seen by ATLAS, can be accommodated in our 
model.
4. Gauge coupling uniﬁcation
In the previous section, we have discussed how the inclusion of 
new vector-like fermions in LRSM can aptly explain the diphoton 
excess traced around 750 GeV at the LHC. Interestingly this frame-
work can also be embedded in a non-SUSY grand uniﬁed theory 
like SO(10) having left–right symmetry as its only intermediate 
symmetry breaking step with the breaking chain given as follows
SO(10)
〈〉−→ G2213P 〈HR 〉−→ G213 〈HL〉−→ G13. (15)
The SO(10) group breaks down to left–right symmetric group 
G2213P ≡ SU(2)L × SU(2)R × U (1)B−L × SU(3) × P via a non-zero 
VEV of  ⊂ 210H . Here, P is deﬁned as the discrete left–right 
symmetry, a generalized parity symmetry or charge-conjugation 
symmetry. The vital step is to break the left–right gauge symmetry 
and this is attained with the help of the right-handed Higgs dou-
blet HR . Finally, the SM gauge group is spontaneously broken by 
its left-handed counterpart HL . As described above we add another 
scalar singlet S in order to explain the diphoton signal though it 
is not contributing to the renormalization group (RG) evolution of 
the gauge couplings.
In addition to the particle content described in Table 1, we in-
clude a bi-triplet η ≡ (3, 3, 0, 1) under G2213P to achieve successful 
gauge uniﬁcation. This can be conﬁrmed by using the relevant RG 
equation for the gauge couplings gi ,
μ
∂ gi = bi
2
g3i , (16)∂μ 16πFig. 1. Gauge coupling running in the considered model accommodating the 
diphoton excess, demonstrating successful gauge uniﬁcation at the scale MGUT =
1017.75 GeV with an intermediate left–right symmetry breaking scale at 10 TeV. The 
dashed lines correspond to one loop RGE of gauge couplings while the two loop ef-
fects are displayed in solid lines.
where the one-loop beta-coeﬃcients bi are given by
bi = −113 C2(G) +
2
3
∑
R f
T (R f )
∏
j =i
d j(R f )
+ 1
3
∑
Rs
T (Rs)
∏
j =i
d j(Rs). (17)
Here, C2(G) is the quadratic Casimir operator for gauge bosons in 
their adjoint representation,
C2(G) ≡
{
N if SU(N),
0 if U (1).
(18)
T (R f ) and T (Rs) are the traces of the irreducible representation 
R f ,s for a given fermion and scalar, respectively,
T (R f ,s) ≡
⎧⎨
⎩
1/2 if R f ,s is fundamental,
N if R f ,s is adjoint,
0 if U (1),
(19)
and d(R f ,s) is the dimension of a given representation R f ,s under 
all SU(N) gauge groups except the i-th gauge group under con-
sideration. An additional factor of 1/2 should be multiplied in the 
case of a real Higgs representation. Using the above particle con-
tent, the beta-coeﬃcients at one loop are found to be b2L = −19/6, 
bY = 41/10, b3C = −7 from the SM to the LR breaking scale and 
b2L = b2R = −13/6, bBL = 59/6, b3C = −17/3 from the LR break-
ing scale to the GUT scale. We have also evaluated the two loop 
contributions which give a very marginal deviation over one loop 
contributions. The resulting running of the gauge couplings at one 
loop and two loop orders are shown in Fig. 1 with the breaking 
scales
MGUT = 1017.75 GeV, MLR = 10 TeV. (20)
5. Implications for baryogenesis and dark matter
The vector-like fermions added to the spectrum of the LRSM 
framework can have very profound implications for a baryogenesis 
mechanism such as leptogenesis and the dark matter sector. While 
the proposal of high scale leptogenesis via singlet heavy Majorana 
neutrinos (or a heavy Higgs triplet) decay added to the SM is be-
yond the reach of the present and near future collider experiments, 
the LRSM scenario provides a window of opportunity for low TeV 
scale leptogenesis testable at the LHC. However, the observation of 
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signal of two leptons and two jets reported by the CMS Collabo-
ration, would rule out the possibility of high scale as well as TeV 
scale resonant leptogenesis with the standard LRSM ﬁelds due to 
the unavoidable fast gauge mediated B − L violating interactions 
[158–165].
On the other hand, the new vector-like fermions added to the 
LRSM to accommodate the diphoton excess can open a whole new 
world of possibilities. A particularly interesting possibility is the 
realization of baryogenesis and dark matter annihilation through a 
vector-like portal ﬁrst explored in [166]. As an example, consider 
the following additional terms in the Lagrangian,
L⊃ −(λXU XuRUL + h.c.) −m2X X†X − λX (X†X)2
− λHXH†HX†X, (21)
where X is an inert doublet (a singlet complex) dark matter scalar 
ﬁeld in the LR(SM) case. X is charged under some exotic global 
U (1)χ symmetry, under which only the vector-like quarks and 
dark matter ﬁelds transform non-trivially. Thus, the introduction 
of a vector-like quarks can connect the dark matter to the usual 
LR(SM) quarks, which can be readily used to make a connection 
between the baryon asymmetry and dark matter, as pointed out 
in [166]. In rest of this section we focus on sketching the sim-
pler case of the extended SM which can be expanded to the LRSM 
case by replacing the singlets with appropriate doublet representa-
tions. However, in the case of the LRSM some subtleties are present 
and we comment on them towards the end of this section. On the 
other hand, this idea can easily be generalized to accommodate a 
down-type quark portal or charged lepton portal (corresponding to 
a leptogenesis scenario of baryogenesis).
The basic idea behind the vector-like portal is to generate an 
asymmetry in the vector-like sector through baryogenesis, which 
then subsequently gets transferred to the SM baryons and the dark 
matter sector through the renormalizable couplings in Eq. (21). In 
addition one can introduce a scalar ﬁeld Y with the couplings
L⊃ − (λνY YνRνR + h.c.) −m2Y Y †Y − λY (Y †Y )2
− λXY X†XY †Y , (22)
which allows the annihilation of a pair of X into Y ﬁelds. The lat-
ter can subsequently decay into two singlet right handed neutrinos 
ensuring the asymmetric nature of the dark matter X relic den-
sity for a large enough annihilation cross section. Now turning to 
the question of how to generate the primordial asymmetry in the 
vector-like sector which deﬁnes the ﬁnal dark matter asymmetry 
and baryon asymmetry, let us further add two types of heavy di-
quarks with the couplings
L⊃ λULuULUL + λURuURUR + λdddRdR
+ λχuddχ + h.c., (23)
where u : (6¯, 1, −4/3), d : (6¯, 1, 2/3) and the ﬁeld χ breaks 
the local U (1)χ symmetry under which X and U have non-trivial 
charges denoted by qχ (U ) and qχ (X). For the SM ﬁelds this charge 
is simply B − L, which right away gives qχ (d) = −2/3. The rest 
of the charges are determined in terms of the free charge qχ (U ),
qχ (u) = −2qχ (U ), qχ (χ) = 2qχ (U ) + 4/3,
qχ (X) = 1/3− qχ (U ). (24)
In order to forbid the dangerous proton decay induced by the op-
erators O = X2, S2, X2S2, X4, S4 [167], one needs to satisfy the 
conditionqχ (O) = n(2qχ (U ) + 4/3), where n = 0,±1,±2, · · · . (25)
From Eq. (23) it follows that after χ acquires a VEV to break the 
U (1)χ symmetry, u has the decay modes
u → ∗d∗d, u → U¯ U¯ , (26)
and a CP asymmetry (between the above modes and their con-
jugate modes) can be obtained by interference of the tree level 
diagrams with one loop self-energy diagrams with two generations 
of u . Finally, the asymmetry generated in the vector-like quarks 
gets transferred to the dark matter asymmetry and baryon asym-
metry via the λXU term in Eq. (21). This mechanism gives a ratio 
between the dark matter relic density and the baryon asymmetry 
given by
DM/mX
B/Mp
= 79
28
, (27)
and in this model a dark matter mass mX ∼ 2 GeV. A typical pre-
diction of this model is neutron–antineutron oscillations induced 
by the up-type and two down-type diquarks through the mixing 
of vector-like up-type quarks with the usual up quarks. However, 
such oscillations will be suppressed by the mixing.
One can similarly construct a leptogenesis model involving 
vector-like charged leptons. In case of the LRSM a generalization 
of the above scheme is straightforward; however, the lepton num-
ber violating gauge scattering processes involving a low scale WR
can rapidly wash out any primordial asymmetry generated above 
the mass scale of WR . In fact, some of these gauge processes can 
continue to signiﬁcantly reduce the generation of lepton asym-
metry below the mass scale of WR , thus the vector-like quark 
portals seem to be more promising in this case. Other alterna-
tives include mechanisms like neutron–antineutron oscillation or 
some alternative LRSM scheme such as the Alternative Left–Right 
Symmetric Model [168] where the dangerous gauge scatterings can 
be avoided by means of special gauge quantum number assign-
ments of a heavy neutrino [169]. Also note that, in general, one 
can utilize the singlet neutral vector-like lepton as a dark matter 
candidate by ensuring the stability against decay into usual LRSM 
fermions. Finally, the real bi-triplet scalar ﬁeld η introduced to 
achieve successful gauge uniﬁcation can also be a potential dark 
matter candidate.
In passing, we would like to mention that attempts have been 
made in the literature to address the broadness of the resonance 
using an invisible component of the scalar width. This in turn gives 
a large monojet signal which has been constrained from run-1 
monojet searches at ATLAS [170] and CMS [171], see for exam-
ple Ref. [39]. However, the monojet search data seems to disfavour
the required rates to explain the broadness of the resonance. In 
our model, S can couple to X X† and Y Y † etc. leading to de-
cay of S into them, which produces missing energy ﬁnal state. 
This mode can be constrained from monojet searches as long as 
MX,Y < MS/2. Even without the scalar S being directly coupled 
to X ’s, its decay can produce a pair jets and X ’s via the λXU cou-
pling term in Eqn. (21), which can again be constrained using dijet 
searches at ATLAS and CMS. In the discussion above we assume 
that these constrains are respected if MX,Y < MS/2. While for the 
case MX,Y > MS/2, the monojet and the dijet constraints are no 
longer applicable since in this case S will decay via a loop of 
X(Y )’s.
6. Conclusions
We have considered a uniﬁed framework to explain the recent 
diphoton excess reported by ATLAS and CMS around 750 GeV. The 
addition of vector-like fermions and a singlet scalar S to LRSM but 
228 F.F. Deppisch et al. / Physics Letters B 757 (2016) 223–230without a scalar bidoublet explains the fermion masses and mix-
ing via a universal seesaw mechanism. The diphoton signal with 
σ(pp → S → γ γ ) ≈ 4 − 12 fb can be explained in this model with 
TeV scale vector fermions. The broad width suggested by the ATLAS
excess cannot be understood, though.
We successfully embed this model within an SO(10) GUT 
framework by introducing a real bi-triplet scalar. This additional 
scalar, which contains a potential DM candidate, allows the gauge 
couplings to unify at the scale 1017.7 GeV. We also discuss further 
possibilities in this class of LRSM models with vector-like fermions 
for mechanisms of baryogenesis and DM.
Acknowledgements
FFD would like to thank Suchita Kulkarni for useful discus-
sions. PP is grateful to the Department of Science and Technol-
ogy (DST), Govt. of India INSPIRE Fellowship DST/INSPIRE Fellow-
ship/2014/IF140299. The work of SP is partly supported by DST, 
India under the ﬁnancial grant SB/S2/HEP-011/2013. The work US 
is supported partly by the JC Bose National Fellowship grant under 
DST, India.
References
[1] CMS Collaboration, J. Olsen, CMS physics results from Run 2 presented on Dec. 
15th. 2015, Search for new physics in high mass diphoton events in proton–
proton collisions at 13 TeV.
[2] ATLAS Collaboration, M. Kado, ATLAS physics results from Run 2 presented on 
Dec. 15th 2015, ATLAS-CONF-2015-081.
[3] J. Ellis, D.S. Hwang, Does the ‘Higgs’ have spin zero?, J. High Energy Phys. 09 
(2012) 071, arXiv:1202.6660.
[4] S. Di Chiara, L. Marzola, M. Raidal, First interpretation of the 750 GeV di-
photon resonance at the LHC, arXiv:1512.04939.
[5] A. Pilaftsis, Diphoton signatures from heavy axion decays at LHC, 
arXiv:1512.04931.
[6] S. Knapen, T. Melia, M. Papucci, K. Zurek, Rays of light from the LHC, 
arXiv:1512.04928.
[7] M. Backovic, A. Mariotti, D. Redigolo, Di-photon excess illuminates Dark Mat-
ter, arXiv:1512.04917.
[8] E. Molinaro, F. Sannino, N. Vignaroli, Strong dynamics or axion origin of the 
diphoton excess, arXiv:1512.05334.
[9] R.S. Gupta, S. Jäger, Y. Kats, G. Perez, E. Stamou, Interpreting a 750 GeV dipho-
ton resonance, arXiv:1512.05332.
[10] J. Ellis, S.A.R. Ellis, J. Quevillon, V. Sanz, T. You, On the interpretation of a 
possible ∼ 750 GeV particle decaying into γ γ , arXiv:1512.05327.
[11] T. Higaki, K.S. Jeong, N. Kitajima, F. Takahashi, The QCD axion from aligned 
axions and diphoton excess, arXiv:1512.05295.
[12] Y. Mambrini, G. Arcadi, A. Djouadi, The LHC diphoton resonance and dark 
matter, arXiv:1512.04913.
[13] D. Buttazzo, A. Greljo, D. Marzocca, Knocking on new physics’ door with a 
scalar resonance, arXiv:1512.04929.
[14] R. Franceschini, G.F. Giudice, J.F. Kamenik, M. McCullough, A. Pomarol, R. Rat-
tazzi, M. Redi, F. Riva, A. Strumia, R. Torre, What is the gamma gamma reso-
nance at 750 GeV?, arXiv:1512.04933.
[15] A. Angelescu, A. Djouadi, G. Moreau, Scenarii for interpretations of the LHC 
diphoton excess: two Higgs doublets and vector-like quarks and leptons, 
arXiv:1512.04921.
[16] B. Bellazzini, R. Franceschini, F. Sala, J. Serra, Goldstones in diphotons, 
arXiv:1512.05330.
[17] S.D. McDermott, P. Meade, H. Ramani, Singlet scalar resonances and the 
diphoton excess, arXiv:1512.05326.
[18] M. Low, A. Tesi, L.-T. Wang, A pseudoscalar decaying to photon pairs in the 
early LHC run 2 data, arXiv:1512.05328.
[19] C. Petersson, R. Torre, The 750 GeV diphoton excess from the goldstino super-
partner, arXiv:1512.05333.
[20] Q.-H. Cao, Y. Liu, K.-P. Xie, B. Yan, D.-M. Zhang, A boost test of anomalous 
diphoton resonance at the LHC, arXiv:1512.05542.
[21] A. Kobakhidze, F. Wang, L. Wu, J.M. Yang, M. Zhang, LHC diphoton excess ex-
plained as a heavy scalar in top-seesaw model, arXiv:1512.05585.
[22] P. Agrawal, J. Fan, B. Heidenreich, M. Reece, M. Strassler, Experimental consid-
erations motivated by the diphoton excess at the LHC, arXiv:1512.05775.
[23] W. Chao, R. Huo, J.-H. Yu, The minimal scalar-stealth top interpretation of the 
diphoton excess, arXiv:1512.05738.[24] S. Fichet, G. von Gersdorff, C. Royon, Scattering light by light at 750 GeV at 
the LHC, arXiv:1512.05751.
[25] D. Curtin, C.B. Verhaaren, Quirky explanations for the diphoton excess, 
arXiv:1512.05753.
[26] C. Csaki, J. Hubisz, J. Terning, The minimal model of a diphoton resonance: 
production without gluon couplings, arXiv:1512.05776.
[27] D. Aloni, K. Blum, A. Dery, A. Efrati, Y. Nir, On a possible large width 750 GeV 
diphoton resonance at ATLAS and CMS, arXiv:1512.05778.
[28] S.V. Demidov, D.S. Gorbunov, On sgoldstino interpretation of the diphoton ex-
cess, arXiv:1512.05723.
[29] J.M. No, V. Sanz, J. Setford, See-saw composite Higgses at the LHC: linking 
naturalness to the 750 GeV di-photon resonance, arXiv:1512.05700.
[30] Y. Bai, J. Berger, R. Lu, A 750 GeV dark pion: cousin of a dark G-parity-odd 
WIMP, arXiv:1512.05779.
[31] S. Matsuzaki, K. Yamawaki, 750 GeV diphoton signal from one-family walking 
technipion, arXiv:1512.05564.
[32] B. Dutta, Y. Gao, T. Ghosh, I. Gogoladze, T. Li, Interpretation of the diphoton 
excess at CMS and ATLAS, arXiv:1512.05439.
[33] D. Becirevic, E. Bertuzzo, O. Sumensari, R.Z. Funchal, Can the new resonance 
at LHC be a CP-odd Higgs boson?, arXiv:1512.05623.
[34] P. Cox, A.D. Medina, T.S. Ray, A. Spray, Diphoton excess at 750 GeV from a 
radion in the bulk-Higgs scenario, arXiv:1512.05618.
[35] R. Martinez, F. Ochoa, C.F. Sierra, Diphoton decay for a 750 GeV scalar dark 
matter, arXiv:1512.05617.
[36] L. Bian, N. Chen, D. Liu, J. Shu, A hidden conﬁning world on the 750 GeV 
diphoton excess, arXiv:1512.05759.
[37] J. Chakrabortty, A. Choudhury, P. Ghosh, S. Mondal, T. Srivastava, Di-photon 
resonance around 750 GeV: shedding light on the theory underneath, 
arXiv:1512.05767.
[38] A. Ahmed, B.M. Dillon, B. Grzadkowski, J.F. Gunion, Y. Jiang, Higgs-radion in-
terpretation of 750 GeV di-photon excess at the LHC, arXiv:1512.05771.
[39] A. Falkowski, O. Slone, T. Volansky, Phenomenology of a 750 GeV singlet, 
arXiv:1512.05777.
[40] Q.-H. Cao, C.B. Jackson, W.-Y. Keung, I. Low, J. Shu, The Higgs mechanism and 
loop-induced decays of a scalar into two Z bosons, Phys. Rev. D 81 (2010) 
015010, arXiv:0911.3398.
[41] I. Low, J. Lykken, G. Shaughnessy, Have we observed the Higgs (imposter)?, 
Phys. Rev. D 86 (2012) 093012, arXiv:1207.1093.
[42] W. Chao, Symmetries behind the 750 GeV diphoton excess, arXiv:1512.06297.
[43] L.M. Carpenter, R. Colburn, J. Goodman, Supersoft SUSY models and the 
750 GeV diphoton excess, beyond effective operators, arXiv:1512.06107.
[44] E. Megias, O. Pujolas, M. Quiros, On dilatons and the LHC diphoton excess, 
arXiv:1512.06106.
[45] A. Alves, A.G. Dias, K. Sinha, The 750 GeV S-cion: where else should we look 
for it?, arXiv:1512.06091.
[46] E. Gabrielli, K. Kannike, B. Mele, M. Raidal, C. Spethmann, H. Veermäe, A SUSY 
inspired simpliﬁed model for the 750 GeV diphoton excess, arXiv:1512.05961.
[47] J.S. Kim, J. Reuter, K. Rolbiecki, R.R. de Austri, A resonance without resonance: 
scrutinizing the diphoton excess at 750 GeV, arXiv:1512.06083.
[48] R. Benbrik, C.-H. Chen, T. Nomura, Higgs singlet as a diphoton resonance in a 
vector-like quark model, arXiv:1512.06028.
[49] G.M. Pelaggi, A. Strumia, E. Vigiani, Triniﬁcation can explain the di-photon 
and di-boson LHC anomalies, arXiv:1512.07225.
[50] A.E.C. Hernández, I. Nisandzic, LHC diphoton 750 GeV resonance as an indica-
tion of SU(3)c × SU(3)L × U (1)X gauge symmetry, arXiv:1512.07165.
[51] J. de Blas, J. Santiago, R. Vega-Morales, New vector bosons and the diphoton 
excess, arXiv:1512.07229.
[52] P.S.B. Dev, D. Teresi, Asymmetric Dark Matter in the Sun and the diphoton 
excess at the LHC, arXiv:1512.07243.
[53] S.M. Boucenna, S. Morisi, A. Vicente, The LHC diphoton resonance from gauge 
symmetry, arXiv:1512.06878.
[54] K. Kulkarni, Extension of νMSM model and possible explanations of recent 
astronomical and collider observations, arXiv:1512.06836.
[55] M. Chala, M. Duerr, F. Kahlhoefer, K. Schmidt-Hoberg, Tricking Landau–
Yang: how to obtain the diphoton excess from a vector resonance, 
arXiv:1512.06833.
[56] M. Bauer, M. Neubert, Flavor anomalies, the diphoton excess and a dark mat-
ter candidate, arXiv:1512.06828.
[57] J.M. Cline, Z. Liu, LHC diphotons from electroweakly pair-produced composite 
pseudoscalars, arXiv:1512.06827.
[58] L. Berthier, J.M. Cline, W. Shepherd, M. Trott, Effective interpretations of a 
diphoton excess, arXiv:1512.06799.
[59] J.S. Kim, K. Rolbiecki, R.R. de Austri, Model-independent combination of 
diphoton constraints at 750 GeV, arXiv:1512.06797.
[60] X.-J. Bi, Q.-F. Xiang, P.-F. Yin, Z.-H. Yu, The 750 GeV diphoton excess at the 
LHC and dark matter constraints, arXiv:1512.06787.
[61] J.J. Heckman, 750 GeV diphotons from a D3-brane, arXiv:1512.06773.
[62] F.P. Huang, C.S. Li, Z.L. Liu, Y. Wang, 750 GeV diphoton excess from cascade 
decay, arXiv:1512.06732.
F.F. Deppisch et al. / Physics Letters B 757 (2016) 223–230 229[63] J. Cao, C. Han, L. Shang, W. Su, J.M. Yang, Y. Zhang, Interpreting the 750 GeV 
diphoton excess by the singlet extension of the Manohar–Wise model, 
arXiv:1512.06728.
[64] F. Wang, L. Wu, J.M. Yang, M. Zhang, 750 GeV diphoton resonance, 125 GeV 
Higgs and muon g-2 anomaly in deﬂected anomaly mediation SUSY breaking 
scenario, arXiv:1512.06715.
[65] O. Antipin, M. Mojaza, F. Sannino, A natural Coleman–Weinberg theory ex-
plains the diphoton excess, arXiv:1512.06708.
[66] X.-F. Han, L. Wang, Implication of the 750 GeV diphoton resonance on two-
Higgs-doublet model and its extensions with Higgs ﬁeld, arXiv:1512.06587.
[67] R. Ding, L. Huang, T. Li, B. Zhu, Interpreting 750 GeV diphoton excess with 
R-parity violation supersymmetry, arXiv:1512.06560.
[68] I. Chakraborty, A. Kundu, Diphoton excess at 750 GeV: singlet scalars confront 
naturalness, arXiv:1512.06508.
[69] D. Barducci, A. Goudelis, S. Kulkarni, D. Sengupta, One jet to rule them all: 
monojet constraints and invisible decays of a 750 GeV diphoton resonance, 
arXiv:1512.06842.
[70] W.S. Cho, D. Kim, K. Kong, S.H. Lim, K.T. Matchev, J.-C. Park, M. Park, 
The 750 GeV diphoton excess may not imply a 750 GeV resonance, 
arXiv:1512.06824.
[71] T.-F. Feng, X.-Q. Li, H.-B. Zhang, S.-M. Zhao, The LHC 750 GeV dipho-
ton excess in supersymmetry with gauged baryon and lepton numbers, 
arXiv:1512.06696.
[72] D. Bardhan, D. Bhatia, A. Chakraborty, U. Maitra, S. Raychaudhuri, T. Samui, 
Radion candidate for the LHC diphoton resonance, arXiv:1512.06674.
[73] H. Han, S. Wang, S. Zheng, Scalar explanation of diphoton excess at LHC, 
arXiv:1512.06562.
[74] M. Dhuria, G. Goswami, Perturbativity, vacuum stability and inﬂation in the 
light of 750 GeV diphoton excess, arXiv:1512.06782.
[75] S. Chang, A simple U (1) gauge theory explanation of the diphoton excess, 
arXiv:1512.06426.
[76] C. Han, H.M. Lee, M. Park, V. Sanz, The diphoton resonance as a gravity me-
diator of dark matter, arXiv:1512.06376.
[77] M.T. Arun, P. Saha, Gravitons in multiply warped scenarios – at 750 GeV and 
beyond, arXiv:1512.06335.
[78] G. Li, Y.-n. Mao, Y.-L. Tang, C. Zhang, Y. Zhou, S.-h. Zhu, A loop-philic pseu-
doscalar, arXiv:1512.08255.
[79] H. Han, S. Wang, S. Zheng, Dark matter theories in the light of diphoton ex-
cess, arXiv:1512.07992.
[80] J.A. Casas, J.R. Espinosa, J.M. Moreno, The 750 GeV diphoton excess as a ﬁrst 
light on supersymmetry breaking, arXiv:1512.07895.
[81] J. Zhang, S. Zhou, Electroweak vacuum stability and diphoton excess at 
750 GeV, arXiv:1512.07889.
[82] J. Liu, X.-P. Wang, W. Xue, LHC diphoton excess from colorful resonances, 
arXiv:1512.07885.
[83] K. Das, S.K. Rai, The 750 GeV diphoton excess in a U (1) hidden symmetry 
model, arXiv:1512.07789.
[84] H. Davoudiasl, C. Zhang, A 750 GeV messenger of dark conformal symmetry 
breaking, arXiv:1512.07672.
[85] M. Cveticˇ, J. Halverson, P. Langacker, String consistency, heavy exotics, and the 
750 GeV diphoton excess at the LHC, arXiv:1512.07622.
[86] M. Badziak, Interpreting the 750 GeV diphoton excess in minimal extensions 
of two-Higgs-doublet models, arXiv:1512.07497.
[87] K.M. Patel, P. Sharma, Interpreting 750 GeV diphoton excess in SU(5) grand 
uniﬁed theory, arXiv:1512.07468.
[88] S. Moretti, K. Yagyu, The 750 GeV diphoton excess and its explanation in 
2-Higgs doublet models with a real inert scalar multiplet, arXiv:1512.07462.
[89] J. Gu, Z. Liu, Running after diphoton, arXiv:1512.07624.
[90] P.S.B. Dev, R.N. Mohapatra, Y. Zhang, Quark seesaw vectorlike fermions and 
diphoton excess, arXiv:1512.08507.
[91] N. Bizot, S. Davidson, M. Frigerio, J.L. Kneur, Two Higgs doublets to explain 
the excesses pp → γ γ (750 GeV) and h → τ±μ∓ , arXiv:1512.08508.
[92] L.A. Anchordoqui, I. Antoniadis, H. Goldberg, X. Huang, D. Lust, T.R. Taylor, 
750 GeV diphotons from closed string states, arXiv:1512.08502.
[93] F. Goertz, J.F. Kamenik, A. Katz, M. Nardecchia, Indirect constraints on the 
scalar di-photon resonance at the LHC, arXiv:1512.08500.
[94] X.-J. Bi, R. Ding, Y. Fan, L. Huang, C. Li, T. Li, S. Raza, X.-C. Wang, 
B. Zhu, A promising interpretation of diphoton resonance at 750 GeV, arXiv:
1512.08497.
[95] W. Chao, Neutrino catalyzed diphoton excess, arXiv:1512.08484.
[96] J. Gao, H. Zhang, H.X. Zhu, Diphoton excess at 750 GeV: gluon–gluon fusion 
or quark–antiquark annihilation?, arXiv:1512.08478.
[97] J.E. Kim, Is an axizilla possible for di-photon resonance?, arXiv:1512.08467.
[98] Q.-H. Cao, Y. Liu, K.-P. Xie, B. Yan, D.-M. Zhang, The diphoton excess, low en-
ergy theorem and the 331 model, arXiv:1512.08441.
[99] C. Cai, Z.-H. Yu, H.-H. Zhang, The 750 GeV diphoton resonance as a singlet 
scalar in an extra dimensional model, arXiv:1512.08440.
[100] F. Wang, W. Wang, L. Wu, J.M. Yang, M. Zhang, Interpreting 750 GeV diphoton 
resonance in the NMSSM with vector-like particles, arXiv:1512.08434.[101] J. Cao, F. Wang, Y. Zhang, Interpreting the 750 GeV diphoton excess within 
topﬂavor seesaw model, arXiv:1512.08392.
[102] H. An, C. Cheung, Y. Zhang, Broad diphotons from narrow states, 
arXiv:1512.08378.
[103] Y.-L. Tang, S.-h. Zhu, NMSSM extended with vector-like particles and the 
diphoton excess on the LHC, arXiv:1512.08323.
[104] M. Son, A. Urbano, A new scalar resonance at 750 GeV: towards a proof of 
concept in favor of strongly interacting theories, arXiv:1512.08307.
[105] J.-C. Park, S.C. Park, Indirect signature of dark matter with the diphoton reso-
nance at 750 GeV, arXiv:1512.08117.
[106] A. Salvio, A. Mazumdar, Higgs stability and the 750 GeV diphoton excess, 
arXiv:1512.08184.
[107] D. Chway, R. Dermíšek, T.H. Jung, H.D. Kim, Glue to light signal of a new 
particle, arXiv:1512.08221.
[108] E. Ma, Diphoton revelation of the utilitarian supersymmetric standard model, 
arXiv:1512.09159.
[109] K. Kaneta, S. Kang, H.-S. Lee, Diphoton excess at the LHC Run 2 and its impli-
cations for a new heavy gauge boson, arXiv:1512.09129.
[110] A.E.C. Hernández, The 750 GeV diphoton resonance can cause the SM fermion 
mass and mixing pattern, arXiv:1512.09092.
[111] I. Low, J. Lykken, Implications of gauge invariance on a heavy diphoton reso-
nance, arXiv:1512.09089.
[112] P.V. Dong, N.T.K. Ngan, Phenomenology of the simple 3–3–1 model with inert 
scalars, arXiv:1512.09073.
[113] S. Kanemura, N. Machida, S. Odori, T. Shindou, Diphoton excess at 750 GeV in 
an extended scalar sector, arXiv:1512.09053.
[114] S. Kanemura, K. Nishiwaki, H. Okada, Y. Orikasa, S.C. Park, R. Watanabe, LHC 
750 GeV diphoton excess in a radiative seesaw model, arXiv:1512.09048.
[115] S.K. Kang, J. Song, Top-phobic heavy Higgs boson as the 750 GeV diphoton 
resonance, arXiv:1512.08963.
[116] C.-W. Chiang, M. Ibe, T.T. Yanagida, Revisiting scalar quark hidden sector in 
light of 750-GeV diphoton resonance, arXiv:1512.08895.
[117] Y. Hamada, T. Noumi, S. Sun, G. Shiu, An O(750) GeV resonance and inﬂation, 
arXiv:1512.08984.
[118] Q.-H. Cao, S.-L. Chen, P.-H. Gu, Strong CP problem, neutrino masses and the 
750 GeV diphoton resonance, arXiv:1512.07541.
[119] A. Dasgupta, M. Mitra, D. Borah, Minimal left–right symmetry confronted with 
the 750 GeV di-photon excess at LHC, arXiv:1512.09202.
[120] W. Chao, The diphoton excess from an exceptional supersymmetric standard 
model, arXiv:1601.00633.
[121] C.W. Murphy, Vector leptoquarks and the 750 GeV diphoton resonance at the 
LHC, arXiv:1512.06976.
[122] J. Chang, K. Cheung, C.-T. Lu, Interpreting the 750 GeV di-photon resonance 
using photon-jets in hidden-valley-like models, arXiv:1512.06671.
[123] W.-C. Huang, Y.-L.S. Tsai, T.-C. Yuan, Gauged two Higgs doublet model con-
fronts the LHC 750 GeV di-photon anomaly, arXiv:1512.07268.
[124] L. Marzola, A. Racioppi, M. Raidal, F.R. Urban, H. Veermäe, Non-minimal 
CW inﬂation, electroweak symmetry breaking and the 750 GeV anomaly, 
arXiv:1512.09136.
[125] S. Chakraborty, A. Chakraborty, S. Raychaudhuri, Diphoton resonance at 
750 GeV in the broken MRSSM, arXiv:1512.07527.
[126] Y. Nakai, R. Sato, K. Tobioka, Footprints of new strong dynamics via anomaly, 
arXiv:1512.04924.
[127] K. Harigaya, Y. Nomura, Composite models for the 750 GeV diphoton excess, 
arXiv:1512.04850.
[128] K. Ghorbani, H. Ghorbani, The 750 GeV diphoton excess from a pseudoscalar 
in fermionic dark matter scenario, arXiv:1601.00602.
[129] L.J. Hall, K. Harigaya, Y. Nomura, 750 GeV diphotons: implications for super-
symmetric uniﬁcation, arXiv:1512.07904.
[130] X.-F. Han, L. Wang, L. Wu, J.M. Yang, M. Zhang, Explaining 750 GeV diphoton 
excess from top/bottom partner cascade decay in two-Higgs-doublet model 
extension, arXiv:1601.00534.
[131] N. Bonne, G. Moreau, Reproducing the Higgs boson data with vector-like 
quarks, Phys. Lett. B 717 (2012) 409–419, arXiv:1206.3360.
[132] A. Angelescu, A. Djouadi, G. Moreau, Vector-like top/bottom quark partners 
and Higgs physics at the LHC, arXiv:1510.07527.
[133] G. Moreau, Constraining extra-fermion(s) from the Higgs boson data, Phys. 
Rev. D 87 (1) (2013) 015027, arXiv:1210.3977.
[134] B.C. Allanach, P.S.B. Dev, S.A. Renner, K. Sakurai, Di-photon excess explained by 
a resonant sneutrino in R-parity violating supersymmetry, arXiv:1512.07645.
[135] U. Danielsson, R. Enberg, G. Ingelman, T. Mandal, The force awakens – the 
750 GeV diphoton excess at the LHC from a varying electromagnetic coupling, 
arXiv:1601.00624.
[136] Y. Jiang, Y.-Y. Li, T. Liu, 750 GeV resonance in the gauged U (1)′-extended 
MSSM, arXiv:1512.09127.
[137] CMS Collaboration, V. Khachatryan, et al., Search for heavy neutrinos and 
W bosons with right-handed couplings in proton–proton collisions at 
√
s =
8 TeV, Eur. Phys. J. C 74 (11) (2014) 3149, arXiv:1407.3683.
230 F.F. Deppisch et al. / Physics Letters B 757 (2016) 223–230[138] F.F. Deppisch, T.E. Gonzalo, S. Patra, N. Sahu, U. Sarkar, Signal of right-handed 
charged gauge bosons at the LHC?, Phys. Rev. D 90 (5) (2014) 053014, 
arXiv:1407.5384.
[139] F.F. Deppisch, T.E. Gonzalo, S. Patra, N. Sahu, U. Sarkar, Double beta decay, 
lepton ﬂavor violation, and collider signatures of left–right symmetric mod-
els with spontaneous D-parity breaking, Phys. Rev. D 91 (1) (2015) 015018, 
arXiv:1410.6427.
[140] P.S. Bhupal Dev, R.N. Mohapatra, Uniﬁed explanation of the eej j, diboson 
and dijet resonances at the LHC, Phys. Rev. Lett. 115 (18) (2015) 181803, 
arXiv:1508.02277.
[141] F.F. Deppisch, L. Graf, S. Kulkarni, S. Patra, W. Rodejohann, N. Sahu, U. Sarkar, 
Reconciling the 2 TeV excesses at the LHC in a linear seesaw left–right model, 
Phys. Rev. D 93 (2016) 013011, arXiv:1508.05940.
[142] D. Guadagnoli, R.N. Mohapatra, I. Sung, Gauged ﬂavor group with left–right 
symmetry, J. High Energy Phys. 04 (2011) 093, arXiv:1103.4170.
[143] G.C. Joshi, R.R. Volkas, Extended weak isospin and fermion masses in a uniﬁed 
model, Phys. Rev. D 45 (1992) 1711–1719.
[144] G. Aldazabal, L.E. Ibanez, F. Quevedo, A D− brane alternative to the MSSM, 
J. High Energy Phys. 02 (2000) 015, arXiv:hep-ph/0001083.
[145] J.P. Conlon, A. Maharana, F. Quevedo, Towards realistic string vacua, J. High 
Energy Phys. 05 (2009) 109, arXiv:0810.5660.
[146] J.C. Pati, A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 
275–289.
[147] R. Mohapatra, J.C. Pati, A natural left–right symmetry, Phys. Rev. D 11 (1975) 
2558.
[148] G. Senjanovic´, R.N. Mohapatra, Exact left–right symmetry and spontaneous 
violation of parity, Phys. Rev. D 12 (1975) 1502.
[149] G. Senjanovic´, Spontaneous breakdown of parity in a class of gauge theories, 
Nucl. Phys. B 153 (1979) 334–364.
[150] R.N. Mohapatra, G. Senjanovic´, Neutrino mass and spontaneous parity viola-
tion, Phys. Rev. Lett. 44 (1980) 912.
[151] R.N. Mohapatra, G. Senjanovic, Neutrino masses and mixings in gauge models 
with spontaneous parity violation, Phys. Rev. D 23 (1981) 165.
[152] P. Minkowski, μ → eγ at a rate of one out of 109 muon decays?, Phys. Lett. 
B 67 (1977) 421–428.
[153] M. Gell-Mann, P. Ramond, R. Slansky, Complex spinors and uniﬁed theories, 
Conf. Proc. C790927 (1979) 315–321, arXiv:1306.4669.
[154] T. Yanagida, Horizontal symmetry and masses of neutrinos, Conf. Proc. 
C7902131 (1979) 95–99.
[155] J. Schechter, J.W.F. Valle, Neutrino masses in SU(2) × U(1) theories, Phys. Rev. 
D 22 (1980) 2227.[156] J. Schechter, J.W.F. Valle, Neutrino decay and spontaneous violation of lepton 
number, Phys. Rev. D 25 (1982) 774.
[157] S. Patra, Neutrinoless double beta decay process in left–right symmet-
ric models without scalar bidoublet, Phys. Rev. D 87 (1) (2013) 015002, 
arXiv:1212.0612.
[158] E. Ma, S. Sarkar, U. Sarkar, Scale of SU(2)R symmetry breaking and leptogene-
sis, Phys. Lett. B 458 (1999) 73–78, arXiv:hep-ph/9812276.
[159] J.-M. Frere, T. Hambye, G. Vertongen, Is leptogenesis falsiﬁable at LHC?, J. High 
Energy Phys. 01 (2009) 051, arXiv:0806.0841.
[160] F.F. Deppisch, J. Harz, M. Hirsch, W.-C. Huang, H. Pas, Falsifying high-scale 
baryogenesis with neutrinoless double beta decay and lepton ﬂavor violation, 
Phys. Rev. D 92 (3) (2015) 036005, arXiv:1503.04825.
[161] F.F. Deppisch, J. Harz, M. Hirsch, Falsifying high-scale leptogenesis at the LHC, 
Phys. Rev. Lett. 112 (2014) 221601, arXiv:1312.4447.
[162] P.S. Bhupal Dev, C.-H. Lee, R.N. Mohapatra, Leptogenesis constraints on the 
mass of right-handed gauge bosons, Phys. Rev. D 90 (9) (2014) 095012, 
arXiv:1408.2820.
[163] M. Dhuria, C. Hati, R. Rangarajan, U. Sarkar, The eej j excess signal at the LHC 
and constraints on leptogenesis, J. Cosmol. Astropart. Phys. 1509 (09) (2015) 
035, arXiv:1502.01695.
[164] M. Dhuria, C. Hati, R. Rangarajan, U. Sarkar, Falsifying leptogenesis for a TeV 
scale W±R at the LHC, Phys. Rev. D 92 (3) (2015) 031701, arXiv:1503.07198.
[165] P.S. Bhupal Dev, C.-H. Lee, R.N. Mohapatra, TeV scale lepton number violation 
and baryogenesis, J. Phys. Conf. Ser. 631 (1) (2015) 012007, arXiv:1503.04970.
[166] P. Fileviez Perez, M.B. Wise, Baryon asymmetry and dark matter through the 
vector-like portal, J. High Energy Phys. 05 (2013) 094, arXiv:1303.1452.
[167] J.M. Arnold, B. Fornal, M.B. Wise, Simpliﬁed models with baryon number vio-
lation but no proton decay, Phys. Rev. D 87 (2013) 075004, arXiv:1212.4556.
[168] E. Ma, Particle dichotomy and left–right decomposition of E(6) superstring 
models, Phys. Rev. D 36 (1987) 274.
[169] M. Dhuria, C. Hati, R. Rangarajan, U. Sarkar, Explaining the CMS eej j and 
e/pT j j excess and leptogenesis in superstring inspired E6 models, Phys. Rev. 
D 91 (5) (2015) 055010, arXiv:1501.04815.
[170] ATLAS Collaboration, G. Aad, et al., Search for new phenomena in ﬁnal states 
with an energetic jet and large missing transverse momentum in pp collisions 
at 
√
s = 8 TeV with the ATLAS detector, Eur. Phys. J. C 75 (7) (2015) 299, 
arXiv:1502.01518;
ATLAS Collaboration, G. Aad, et al., Eur. Phys. J. C 75 (9) (2015) 408 (Erratum).
[171] CMS Collaboration, V. Khachatryan, et al., Search for dark matter, extra di-
mensions, and unparticles in monojet events in proton–proton collisions at √
s = 8 TeV, Eur. Phys. J. C 75 (5) (2015) 235, arXiv:1408.3583.
